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STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

OR DEVELOPMENT 
[0002] Not Applicable 

REFERENCE TO A COMPUTER PROGRAM APPENDIX 
[0003] Not Applicable 

BACKGROUND OF THE INVENTION 
[0004] 1 . Field of the Invention 

[0005] The present invention pertains generally to bipolar transistor structures, 
and more particularly to bipolar transistor structures incorporated into 
integrated circuits. 

[0006] 2. Description of the Backoround Art 

[0007] In the current state of the art, mainstream silicon bipolar transistor 

structures are typically processed using self-aligned, double polyslllcon, 
trench-isolated technology. Although improved over the years, with many 
new materials and processes introduced, those transistor structures are still 
based on similar geometry as the first double-diffused, pn-junction isolated, 
silicon bipolar devices; that is, the placement of electrodes, vertical current 
flow and interconnection system are basically the same. Heterojunction 
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bipolar transistors are based on the same geometry, as well, although the 
technology is much different than that of Si / SiGe based devices. 

[0008] Another family of bipolar structures, those with horizontal current flow, 
are primarily fabricated in silicon technology and are called lateral bipolar 
transistors (LBTs). LBTs are mainly processed using silicon-on-insulator 
(SOI) technology. Those transistors often exhibit inferior high-frequency 
characteristics compared to state-of-art silicon substrate devices. There are 
LBT's processed in Si-substrate technology, but they are either lateral pnp 
transistors or CMOS-process-incorporated npn transistors. Lateral pnp 
transistors are non-optimized devices processed in npn-based technology 
with inferior electrical characteristics compared to mainstream npn transistors. 
CMOS compatible npn LBT's are also non-optimized devices, processed in 
CMOS-based technology with poor electrical characteristics. 

[0009] Therefore, there is a need for a bipolar transistor stmcture that 
overcomes some of traditional bipolar transistor disadvantages (e.g. 
complicated technology, large transistor area, inability to scale down), and 
, which can extend the market of bipolar technology. The present invention 
satisfies those needs, as well as others, and overcomes deficiencies in 
current bipolar transistor technology. 

BRIEF SUMMARY OF THE INVENTION 

[001 0] The present invention comprises a new type of bipolar transistor for 
use in integrated circuits, which we refer to as a Horizontal Current Bipolar 
Transistor (HCBT). This inventive HCBT, which is processed by an inventive 
fabrication method, consumes a smaller area of chip suri'ace, thereby 
enabling higher packing density of devices and/or the reduction of integrated 
circuit die size. 

[0011] By way of example, and not of limitation, in accordance with the 

present invention the active device is processed on the sidewall of an n-hill so 
that the HCBT surface footprint does not depend on the desired area of active 
device region (emitter area). Therefore, large current driving capabilities can 
be obtained with the minimal consumption of chip surface. Surface reduction 
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is due to the higher ratio of active to total device area, which is approximately 
20% to approximately 30% in the HCBT of the present invention compared to 
approximately 2% to approximately 5% in state of the art vertical current 
transistors. This ratio cannot be decreased by lithography resolution 
shrinkage, and in an HCBT it will be improved by a factor of with resolution 
scaling down by a factor of X. By optimizing an HCBT for minimum area, the 
smallest practical footprint for a given lithography resolution can be achieved. 
In such a case, the active device is extended in depth. For example, the 
device area in 0.25/0.1 (resolution/alignment margin) lithography rules is only 
2.73 |jm^ for an emitter area of 0.7 pm^. 

[0012] An HCBT's high frequency characteristics are improved by the 

reduction of capacitances due to the reduced pn-junction areas and by doping 
profile engineering. More particularly, the collector-base (Cbc) and collector- 
substrate (Ccs) capacitances are decreased in an HCBT, thereby improving 
high frequency characteristics of transistor. Additionally, the same doping 
profiles of the active transistor region can be obtained as in vertical current 
devices. HCBT structure is planar and its collector and emitter polysilicon 
layer enables simple integration and device interconnection. 

[001 3] A typical embodiment of a HCBT fabrication process according to the 
present invention requires only five lithography masks up to one layer of 
metallization, compared to the six to eight masks typically required by state of 
art vertical current devices. Furthermore, the present invention offers the 
possibility of fabricating a self-aligned bipolar device with only three to four 
masks with the same or even improved electrical performances. In addition, 
HCBT fabrication requires fewer technological steps that with conventional 
transistors. For example, an HCBT according to the invention is processed 
with a single polysilicon layer, without an epitaxial process, without 
demanding trench isolation technology, and with reduced thermal budget. 
Fabrication requires about ten fewer etching processes and one or two fewer 
thermal oxidations than in a typical SST process. This leads to lower 
production costs and simpler fabrication. 
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[0014] An HCBT structure according to the present invention can extend the 
applications of silicon bipolar technology to very high-speed circuits. Also, 
decreased device size and simpler fabrication technology make an HCBT 
attractive to other applications, which are not typically bipolar. For example, 
high packing density makes an HCBT attractive for VLSI/ULSI high density 
digital circuits, which are currently CMOS exclusive. The horizontal current 
concept will improve I^L circuit characteristics considerably, increasing speed 
and possible replacement of CMOS with PL. Since this technology 
overcomes some of traditional bipolar transistor disadvantages (e.g. 
complicated technology, large transistor area, inability to scale down), it can 
extend the market of bipolar technology. 

[0015] Further advantages of the invention will be brought out in the following 

portions of the specification, wherein the detailed description is for the 
purpose of fully disclosing preferred embodiments of the invention without 
placing limitations thereon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The invention will be more fully understood by reference to the 
following drawings which are for illustrative purposes only: 

[0017] FIG. 1 is a schematic side view in cross-section of a Horizontal Current 
Bipolar Transistor (HCBT) according to the present invention. 

[0018] FIG. 2 is an SEM picture of an actual Horizontal Current Bipolar 

Transistor (HCBT) according to the invention in 1 pm technology, where the 
passivation oxide has been etched away to expose the active sidewalls of the 
n-hill, 

[0019] FIG. 3 is a diagram of a simulated Horizontal Current Bipolar Transistor 

(HCBT) according to the present invention in 0.25 pm technology. 

[0020] FIG. 4 is a graph showing collector (Ic) and base (Ib) currents versus 

base-emitter voltage (Vbe) for an SST and the HCBT simulation of FIG. 3 for 
the same emitter area, per emitter length of the HCBT, at a collector-emitter 
voltage Uce=1 V. 

[0021] FIG. 5 is a graph showing cutoff frequency (/V) and maximum 
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frequency of oscillations (W) versus collector current (Ic) of an SST and tlie 
HCBT simulation of FIG. 3, at collector-emitter voltage Uce=1 V, wliere the 
emitter height of the HCBT Is hE=0.3 pm and the emitter width of the SST is 
we= 0.25 |jm. 

[0022] FIG. 6A through FIG. 6F is a flow diagram schematically illustrating an 
embodiment of a fabrication process for the Horizontal Cun-ent Bipolar 
Transistor (HCBT) shown in FIG. 1 . 

DETAILED DESCRIPTION OF THE INVENTION 

[0023] Referring more specifically to the drawings, for illustrative purposes the 
present invention is embodied in the apparatus and methods generally shown 
and described in FIG. 1 through FIG. 6. It will be appreciated that the 
apparatus may vary as to configuration and as to details of the parts, and that 
the method may vary as to the specific steps and their sequence, without 
departing from the basic concepts as disclosed herein. 

[0024] Refening first to FIG. 1 , an embodiment of a Horizontal Current Bipolar 
Transistor (HCBT) 10 according to the present invention is schematically 
shown. In the embodiment shown, the device comprises p-type substrate 12, 
p-channel stoppers 14a, 14b, n-hill 16 with p-region 18, isolation silicon 
dioxide 20a, 20b, n* polysilicon 22a, 22b, collector 24, base 26, emitter 28, 
and surrounding passivation oxide 30. FIG. 2 shows an SEM picture of such 
an HCBT in 1 pm lithography resolution and provides a perspective view of 
the device with the passivation oxide etched away so that the active sidewalls 
are exposed. As can be seen, the base metal extends over one sidewall and 
a portion of the upper surface of the n-hill, and the emitter metal and collector 
metal is deposited over the polysilicon regions. 

[0025] FIG. 3 shows an HCBT according to the present invention simulated in 
0.25 |jm lithography resolution. The electrical characteristics of the HCBT 
was examined and compared to a modern, state of art Super-Self Aligned 
Transistor (SST), simulated assuming the same design mles and doping 
profiles of the active transistor region. Simulation model parameters were set 
according to experimental data and are applied to both the HCBT and SST 
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structures. Gummel plots of both structures are depicted in FIG. 4. In the 
HCBT structure, note that the base is one-side contacted, and the base 
resistance (Re) is higher than in two-side contacted SST structure. The 
influence of higher base resistance can be observed at higher currents in FIG. 
4. 

[0026] To justify the effect of base resistance, high-frequency characteristics 
have been simulated. FIG. 5 shows that the same cut-off frequency (/V) and 
maximum frequency of oscillations (f^ax) are obtained for the HCBT's emitter 
height /7e=0.3 \im, which is larger than SST's emitter width (we=0.25 |jm). 
This means that reduction of collector-base capacitance (Cbc) is dominant 
over the increase of Rb- For smaller emitter heights, fr and W are higher for 
the HCBT stmcture than those of the SST. The compensation of the 
increased Rb by reduced Cbc is even more pronounced in the three- 
dimensional considerations of HCBT and SST structures since parasitic parts 
have smaller volume in HCBT. Also, this effect will be more pronounced by 
further lithography scaling. 

[0027] Additionally, Re can be decreased by contacting the base at the front 
and back sides of emitter n* polysilicon. This technology, called a self-aligned 
HCBT will decrease Re to the same value as in SST structures. It would 
result, in addition to reduced Cbc. in superior high frequency characteristics, 
still maintaining other HCBT advantages. 

[0028] One of the advantages of the HCBT structure of the present invention 
is that it can be processed by different technological steps and parameters 
(use of different processes, process parameters, and the sequence of process 
steps) that can vary depending on transistor's purpose, desired device 
properties, process complexity, etc. In developing a preferred fabrication 
process, different HCBT technologies were examined using TSUPREM 4, a 
two-dimensional process simulation program, assuming lithography resolution 
in the range of 1 pm to 0.25 pm and mask alignment tolerances in the range 
of 1 pmtoO.I pm. Moreover, different structures were experimentally verified 
by applying 1 pm lithography resolution and alignment tolerances in the range 
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of 1 \}m to 0.3 pm. 

[0029] Referring now to FIG. 6A through FIG. 6F, an embodiment of a process 
for fabricating the HCBT device shown in FIG. 1 can be seen. Referring first 
to FIG. 6A, the HCBT of the present invention is preferably fabricated using a 
commercially available p-type wafer with resistivity of approximately 1 - 20 Q- 
cm as the p-substrate 12 for the device. As an initial step in the process, a 
collector n-region is established by conventional high-energy phosphorus ion 
implantation. Next, an oxide buffer layer 50 is formed over the surface of the 
wafer by thermal oxidation at approximately 850°C for approximately six 
minutes in a dry O2 atmosphere. The wafer is then additionally annealed at 
high temperature («1050°C), so that the phosphorus atoms are redistributed. 

[0030] Note that parameters of the foregoing phosphorus ion implantation and 
annealing steps are set to achieve the desired doping profile in the collector 
region, taking into account that it affects device performance and should be 
designed in accordance with particular device application. These steps are 
equivalent to buried layer ion implantation, epitaxial growth and selective 
collector implantation in conventional Super Self-Aligned Transistor (SST) 
fabrication. 

[0031] An n-hill cap layer is then formed by deposition of a silicon nitride film 
52 over the oxide layer 50. However, other cap layer materials can be used 
as well, such as polysilicon, oxinitride, metals, etc., with or without buffer 
oxide. Photoresist 54 is then deposited over the nitride layer and patterned by 
a lithography mask. The nitride-oxide double layer is then selectively 
removed, and the n-doped silicon is anisotropically etched in a way that p- 
substrate 12 is reached and the isolated n-hill 14 is established. Next, p- 
channel stoppers 14a, 14b are formed by, for example, implanting boron ions 
at zero degrees, to increase p-type doping in the field around the n-hill to 
prevent inversion channel formation and collector-collector shorts. The n-hill 
is protected from ion penetration during the channel stopper formation by the 
nitride-oxide cap layer that remains due to selective patterning. 

[0032] At this point, the structure appears as shown in FIG. 6A where portions 
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of the layers of oxide 50, nitride 52 and photoresist 54 cap the n-hill 16. 
[0033] Note that special attention has been paid to processing a high-quality 
sidewall surface on the r?-hill where the active transistor region will be formed. 
Note that the photoresist's edge roughness is transferred to the n-hill sidewall 
by the etching process. A photoresist edge is inherently rough due to the 
finite dimensions of polymers that form photoresist. Such roughness is 
amplified by polymer aggregation process and presents limitation of HCBT, as 
well as of all pillar-like devices. In addition, in dry etching, sidewall defects 
could be caused by ions striking the sidewall surface. Accordingly, in the 
HCBT fabrication process of the present invention, sidewall roughness is 
minimized by several means: (i) the optimization of photoresist treatment 
(thickness, baking, exposure and development parameters), (ii) the use of wet 
etching processes (both crystallographic dependent or isotropic), or (iii) 
thermal oxidation. Satisfactory roughness levels for shallow junctions 
processing has been obtained in this manner. 

[0034] Next, isolation oxide 56 (e.g.. silicon dioxide) is deposited using 

chemical vapor deposition (CVD) or the like and chemically-mechanically 
planarized (CMP) to the area of line 58 as shown in FIG. 68, and etched back 
as shown in FIG. 6C. In this "CMP and etch-back" technique, isolation 
between n-hills is achieved without the use of silicon-on-insulator (SOI) 
substrates. Note that the CMP step can be eliminated in the case of high 
packing density and closer placement of the n-hills or by using some other 
planarization technique. Furthermore, the revealed sidewall surface of the n- 
hill defines the active transistor region area and could be adjusted according 
to desired transistor applications. 

[0035] At this point, protection thermal oxidation can be carried out. Note, 
however, that isolation oxide densification can be carried out either after 
deposition or after the etch-back step. 

[0036] Photoresist is then deposited and patterned by a second lithography 
mask. This photoresist defines intrinsic and extrinsic base regions 62, 64, 
respectively, which are both ion implanted, so the photoresist process steps 
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should be designed to ensure good implantation masking properties. 

[0037] Next, the intrinsic base region 62 is angle-implanted and segment 66 of 
p-region 18 is formed on one side on the n-hill 16, as shown in FIG. 6C. The 
process is self-aligned by adjusting wafer tilt and rotation angles to protect the 
back and front sides of n-hill 16 from p-type doping. Also, angled ion 
implantation is advantageous since the larger volume of neutral base is 
formed beneath the level of isolation oxide, protecting the structure from the 
formation of depletion or inversion channels near the Si-Si02 interface and 
emitter-collector punchthrough in that region. Analysis has shown that boron 
diffusion can also be used as base-doping process. In that case, additional 
ion implantation can be done to increase the doping in the bottom of base. 
Alternatively, the intrinsic base can be grown on the n-hill sidewall by an 
epitaxial process. If the intrinsic base is ion-implanted, it can be done prior to 
the deposition of photoresist since this process is self-aligned to the n-hill 
sidewall anyway. In that way, the possible contamination from photoresist 
during implantation is avoided. 

[0038] Next, the extrinsic base region 64 is implanted on the upper surface of 
n-hill 16 using the same mask, but the boron concentration on the top of n-hill 
16 is increased to reduce base resistance. In this way, segment 68 of p- 
region 18 is formed on the top of the n-hill 16, as shown in FIG, 6D. For this 
process, a wafer is angled in opposite direction than for the intrinsic base 
implant to protect intrinsic base sidewall from additional doping. 

[0039] Referring now to FIG. 6E, photoresist 60 is then removed and the 

collector and emitter polysilicon is deposited. Either in-situ doped or ion 
implanted doping methods can be used for the collector and emitter n'*' 
polysilicon layers. In the case of ion implanted polysilicon, a thin polysilicon 
layer 70 is first deposited and the collector and emitter regions are separately 
implanted at symmetrical tilt angles 72a, 72b, respectively. Then additional 
undoped polysilicon 74 is deposited. Occasionally, the deposition- 
implantation-deposition process can be repeated to improve uniformity of n* 
polysilicon doping profile, e.g., for relatively thicker active polysilicon films. 



UC01-332-2US 



9 



Such a multi-step approach improves perimeter depletion and emitter plug 
effects and enables the same emitter doping profile at different heights on the 
n-hill sidewall. In the case of in-situ doping technique, only one deposition is 
required. 

[0040] Next, as shown in FIG. 6F, the polysilicon is chemically-mechanically 
planarized and etched-back thereby defining the collector and emitter n* 
polysilicon layers 76a, 76b. respectively. Note that the etching process has to 
be selective to the p-type monocrystalline base region. Both dry and wet 
selective etch chemistries can be used to remove surrounding polysilicon film 
and leave the base intact. The final polysilicon thickness determines the 
electrical parameters of transistor, such as, active device area, emitter 
resistance, base resistance, emitter-base capacitance and breakdown 
voltage. Note that better controllability of emitter-extrinsic base distance can 
be achieved if another CMP is performed after a passivation oxide deposition. 
In this case, the emitter-extrinsic base distance is determined by the 
passivation oxide thickness and the extrinsic base is implanted after that 
CMP. The final device application and the optimization of certain device 
parameters dictate polysilicon thickness and technology, as well as other 
process parameters. 

[0041] A third mask is used to remove polysilicon from the front and back 
sides of the n-hill 16 and to define the emitter and collector active regions. 
Either hard mask (e.g. oxide, nitride) or photoresist can be employed. 

[0042] Next, oxide layer 50 and nitride film 52 can be etched away and 

passivation oxide 30 deposited. Annealing and emitter drive-in diffusion is 
then carried out. Then, fourth and fifth masks are used for contact hole 
definition and metallization to yield the device illustrated in FIG. 1. 

[0043] Note that, in order to decrease the series resistances, silicides can be 

used in self-aligned process to decrease the extrinsic base, emitter and 
collector sheet resistances before metallization using sidewall spacer on the 
n-hill sidewalls. Additionally, hydrogen passivation can be carried out to 
improve Si-Si02 interface properties. This is useful in an HCBT structure to 
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decrease Shockley-Read-Hall recombination current at tlie intrinsic base 
sidewall surface since the intrinsic base is not completely surrounded by 
highly doped extrinsic base. 

[0044] Although the description above contains many details of the invention, 
these should not be construed as limiting the scope of the invention but as 
merely providing illustrations of some of the presently preferred embodiments 
of this invention. It will be appreciated from the foregoing that alternative 
embodiments are contemplated within the scope of the invention as well. 

[0045] For example, a (1 10) silicon wafer can be used as a substrate, which 

makes it possible to use crystallographic dependant etching for the 
minimization of the n-hill sidewall roughness. The flat and smooth sidewalls 
can be obtained, corresponding to the (111) crystal planes, that are 
perpendicular to the surface in (110) wafers. Accordingly, this embodiment 
beneficially offers decreased sidewall roughness and further offers etch 
protection of the sidewall. 

[0046] Furthermore, the active sidewall can be aligned to (100) crystal plane 
as well, which is also perpendicular to the surface in (110) wafers. 

[0047] Also, the HCBT stmcture can be processed without nitride layer, if the 
extrinsic base p+ region is implanted and activated before the deposition or 
doping of polysilicon. The p+ extrinsic base protects the n-hill, if 
crystallographic dependant etchant is used for polysilicon etch, since it etches 
p+ silicon/polysilicon extremely slowly. Such a structure can result in the 
reduced collector-base capacitance and increased breakdown voltage if a part 
of the n-hill is etched from the top during polysilicon etching. 

[0048] Note also that the fabrication process is compatible with Silicon-On- 

Insulator (SOI) substrates. In that case, the buried oxide in SOI serves as the 
isolation oxide, which is processed by the CMP and etch-back in the 
presented process. 

[0049] Additionally, the base, which is implanted in the n-hill sidewall, can be 
processed by the epitaxial growth, either silicon or silicon-germanium, either 
before or after isolation oxide process. The high-quality films can be formed 
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by the epitaxial growth due to the low-defect (111) sidewalls when (1 1 0) 
wafers are used as HCBT substrate. Such a process can offer a further 
degree of optinnizatlon of HCBT structure. 

[0050] Based on the foregoing description, it will also be appreciated that the 
HCBT technology of the present invention is suitable for the integration with 
pillar-like CMOS devices and other devices to achieve system-on-chip and/or 
BiCMOS integration. The active sidewalls of the CMOS transistors can be 
aligned either to (1 00) or to (1 1 1 ) crystal planes thus achieving optimized 
device performance, e.g. pMOS to (1 11 ) crystal planes and nMOS to (100) 
crystal planes for the maximum channel mobility. Note also that this invention 
can be used in all of the applications of existing bipolar junction devices. For 
example, in addition to silicon IC's. the invention can be applied to SiGe and 
other compound semiconductor technologies. Also, various types of junction 
devices can be fabricated in this way, including pn, npn, pnp, pin, pip junction 
devices and the like by simply selecting the desired materials (e.g., Group II, 
III, IV, V, and VI and quaternaries and tertiaries thereof) and corresponding 
dopants. Typical bipolar applications include high speed digital (ECL, CML, 
I^L) circuits, wireless and communication technologies, high frequency 
electronics, BiCMOS, analog circuits, etc. Furthermore, the invention can be 
applied to MOS technology-based circuits since the HCBT technology 
described herein overcomes some of the traditional bipolar technology 
disadvantages, such as: complicated and expensive technology, large foot 
print of transistor, unimprovement of device performance with shrinking 
lithography resolution. Moreover, HCBT technology can reach higher device 
per area and logic function per area density in comparison to today's 
dominant CMOS technology, still maintaining bipolar advantages that is 
higher speed of operation. Furthermore, HCBT technology is suitable for 
vertical BiCMOS circuits. This can offer many improvements to BiCMOS 
circuits used currently in all high-speed communication applications. 

[0051] Therefore, it will be appreciated that the scope of the present invention 
fully encompasses other embodiments which may become obvious to those 
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skilled in the art, and that the scope of the present invention is accordingly to 
be linnited by nothing other than the appended claims, and their legal 
equivalents, in which reference to an element in the singular is not intended to 
mean "one and only one" unless explicitly so stated, but rather "one or more." 
All structural, chemical, and functional equivalents to the elements of the 
above-described preferred embodiment that are known to those of ordinary 
skill in the art are expressly incorporated herein by reference and are intended 
to be encompassed by the present claims. Moreover, it is not necessary for a 
device or method to address each and every problem sought to be solved by 
the present invention, for it to be encompassed by the present claims. 
Furthermore, no element, component, or method step in the present 
disclosure is intended to be dedicated to the public regardless of whether the 
element, component, or method step is explicitly recited in the claims. No 
claim element herein is to be construed under the provisions of 35 U.S.C. 
112, sixth paragraph, unless the element is expressly recited using the phrase 
"means for." 



UC01-332-2US 



13 



